We follow the eruption of two related intermediate filaments observed in Hα (from GONG) and in EUV (from SDO/AIA) and the resulting large-amplitude longitudinal oscillations of the plasma in the filament channels. The events occurred in and around the decayed active region AR12486 on 2016 January 26. Our detailed study of the oscillation reveals that the periods of the oscillations are about one hour. In Hα the period decreases with time and exhibits strong damping. The analysis of 171Å images shows that the oscillation has two phases, an initial long period phase and a subsequent oscillation with a shorter period. In this wavelength the damping appears weaker than in Hα. The velocity is the largest ever detected in a prominence oscillation, approximately 100 km s −1 . Using SDO/HMI magnetograms we reconstruct the magnetic field of the filaments modeled as flux ropes by using a flux-rope insertion method. Applying seismological techniques we determine that the radii of curvature of the field lines in which cool plasma is condensed are in the range 75-120 Mm, in agreement with the reconstructed field. In addition, we infer a field strength of ≥ 7 to 30 gauss, depending on the electron density assumed; that is also in agreement with the values from the reconstruction (8-20 gauss). The poloidal flux is zero and the axis flux is of the order of 10 20 to 10 21 Mx, confirming the high shear existing even in a non-active filament.
INTRODUCTION
Solar prominences (filaments when observed on the disk) are intriguing structures embedded in the solar corona. They have been intensively observed and studied since the 19th century (see e.g., E. Tandberg-Hanssen 1995; Labrosse et al. 2010; Mackay et al. 2010) . It is believed today that the cool dense plasma of prominences is suspended in magnetic flux ropes or sheared arcades due to the upward magnetic tension of the magnetic field (Aulanier et al. 1998; Gunar et al. 2013; Gunar & Mackay 2016) . Observations reveal that even so-called "quiescent" prominences are highly dynamic, consisting of flowing plasma (Zirker et al. 1994 (Zirker et al. , 1998 Schmieder et al. 2014) , plumes, bubbles (Berger et al. 2008; Berger et al. 2010; Dudík et al. 2012; Heinzel et al. 2008; Gunar et al. 2014 ) and ubiquitous oscillations and waves (see e.g., Okamoto et al. 2007; Schmieder et al. 2013; Arregui et al. 2012) .
Prominence oscillations have been broadly divided into small-and large-amplitude types according to the classification of Oliver & Ballester (2002) . Small-amplitude oscillations (< 2 − 3 km s −1 ) are highly localized within a small portion of a filament, reflecting only local and small-scale plasma properties. In contrast, large-amplitude oscillations (LAOs) involve motions with velocities above 20 km s −1 , and large portions of the filament move in phase, reflecting global characteristics of the plasma and field structure. Such motions appear to be triggered by solar energetic events such as distant or nearby flares, jets, and eruptions. These triggers perturb the filaments producing important displacements with respect to the equilibrium position.
Observations reveal that there are two kinds of LAO motions: transverse and longitudinal with respect to the filament spine (see review by Tripathi et al. 2009 ). The excitation mechanisms and probably the underlying physics of both types of oscillations are different. Transverse LAOs are typically excited by energetic disturbances produced by distant flares, Moreton waves and CMEs (see e.g., Moreton & Ramsey 1960; Hyder 1966; Ramsey & Smith 1966; Eto et al. 2002; Okamoto et al. 2004; Isobe & Tripathi 2006; Pouget et al. 2006; Isobe et al. 2007; Gilbert et al. 2008; Hershaw et al. 2011; Liu et al. 2013) . In contrast, large-amplitude longitudinal oscillations (LALOs) are excited by nearby impulsive events, e.g., microflares and small jets (Jing et al. 2003 (Jing et al. , 2006 Vršnak et al. 2007; Chen et al. 2008; Zhang et al. 2012; Li & Zhang 2012; Luna et al. 2014) .
In all the LALOs reported so far the periods range from 40 to 100 minutes and the amplitudes are between 20 and 92 km s −1 . In LALOs the prominence threads move parallel to their longest extent, indicating that the motion is along the magnetic field. Luna et al. (2014) demonstrated that in the event analyzed the motion formed at a 25
• angle with respect to the filament spine. That orientation coincided with the typical observed orientations of filament magnetic fields (see, e.g., Leroy et al. 1983 Leroy et al. , 1984 . Thus, observational evidence suggests that LALOs are actually oscillations along the magnetic field.
Based on 1D numerical simulations, and proposed a pendulum model to explain LALOs, where the restoring force is the gravity projected along the magnetic field lines. These results were confirmed by other 1D simulations by Zhang et al. (2012 Zhang et al. ( , 2013 . The simulations show that in LALOs the gas pressure gradients are small and do not influence the oscillation, indicating that the nature of LALOs is not magnetosonic. Luna et al. (2016b) found that the oscillations are dependent chiefly on the radius of curvature of the magnetic field and not other details of the field line geometry. Luna et al. (2016a) found that there is no coupling between longitudinal motion and transverse motions in 2D numerical simulations. All these results indicate the robustness of the pendulum model for explanation and analysis of LALOs. Large-amplitude oscillations offer a new method for estimating the hard-to-measure prominence plasma and magnetic field structure, by combining observations and theoretical modeling through a technique known as largeamplitude prominence seismology. LAO properties such as the period, damping time, and orientation are directly related to the prominence morphology. Using the LALOs model by the geometry of the dipped field lines that support the prominence against gravity can be inferred. The magnetic field strength can also be determined using the same model. Luna et al. (2014) applied this seismological technique to LALOs for the first time. The authors analyzed the oscillations over the entire filament and obtained the geometry of the field lines and the field intensity. Bi et al. (2014) studied LALOs during the slow rise of a filament. They found that the period increased with time and that the magnetic fields supporting the filament become flatter during the slow rising phase using LALO seismology. Zhang et al. (2017) also used the LALO seismology to infer the geometry of the filament structure and magnetic field intensity.
In the present paper a LALO occurring in a large filament observed on 2016 January 23 after a partial eruption and merging are presented in Section 2. We analyze the filament oscillations observed using Hα data from the Global Oscillations Network (GONG) and 171Å data from Solar Dynamics Observatory (SDO)'s Atmospheric Imaging assembly (AIA) in Section 3. In Section 4, the filament magnetic structure is reconstructed by using the flux-rope insertion method of van Ballegooijen (2004) . In Section 5 we present the seismological analysis of the oscillations. We find very consistent results by comparing the parameters of the filament derived from seismology (radius of the flux rope, magnetic field strength) with the magnetic field modeling results of Section 4. Our findings are summarized in Section 6.
DESCRIPTION OF THE OBSERVATIONS: TRIGGERING OF THE OSCILLATIONS
The filaments studied were intermediate type filaments (Martin 1998; Engvold 2015) located in the southern part of the decayed NOAA active region 12486. The two filaments, F1 and F2, partially erupted and merged on 2016 January 26. As reported by Zheng et al. (2017) , these eruptions were associated with two CMEs observed by the SOHO/LASCO coronagraph. Using the SDO/Helioseismic and Magnetic Imager (HMI) photospheric magnetic field data, Zheng et al. calculated the magnetic flux of the filament environment and found flux cancellation trends in a broad photosphere area. However, a local flux emergence event was identified near one footpoint that was thought to be responsible for the rise of filament F1.
We focus our study on the longitudinal oscillations of the non-erupting filament (F2) triggered by the eruption/activation of the other filament (F1). For this study, we use the ground-based GONG Hα line center data and the high spatial and temporal resolution AIA (Lemen et al. 2012) on-board the (SDO, Pesnell et al. 2012) satellite. The pixel size and temporal resolution of the Hα data were 1 arcsec and 1 minute respectively. The AIA instrument observes the full Sun in different UV and EUV wavebands with a pixel size of 0.6 arcsec and a maximum cadence of 12 s. In addition, for the photospheric magnetic field we used the data from the HMI (Scherrer et al. 2012) . The cadence of the line-of-sight (LOS) HMI data is 45 s and the pixel size is 0.5 arcsec.
In order to better spatially align the GONG and AIA data we compared the locations of sunspots in GONG Hα and the AIA 1700Å band. We find that by rolling the Hα images 0.5 degrees counter-clockwise we obtain a very good correspondence of sunspots and filaments in both data sets and in the temporal range considered in this work.
The evolution of the filament eruptions in AIA 171Å and Hα is displayed in Figure 1 . Initially there are two separate filaments, F1 and F2 as named in the study of Zheng et al. (2017) . Filament F1 is very large (size ≈ 300 Mm) and filament F2 is composed of three differentiated shorter segments (see Fig. 1(a) and (e)). In Figure 1 (e) we have labeled the three segments: SF2, MF2, and NF2 -the South, Middle, and North segments of F2.
Around 17:00 UT filament F1 starts to rise and one part finally erupts. After the rise of F1, a GOES C1.0-class flare is observed. A flare ribbon appears on each side of the polarity inversion line. These two ribbons separate from each other as F1 rises. During the eruption of F1 flows are observed in 171Å emanating from the flaring region ( Fig. 1(a) ) more or less parallel to the spine and passing through F1 ( Fig. 1(b) ). Around 17:13 UT, the uplifted southern part of F1 comes down and moves south, merging into F2. In Figure 1 (f) we see a portion of the cool plasma from F1 approaching NF2 and interacting with NF2, possibly pushing and heating it, as shown in Figure 1 (g). Later this flow reaches MF2 and most of the dark structures apparent in EUV disappear ( Fig. 1(c) ). In Hα MF2 also disappears. These indicate that the plasma from F1 displaces and evaporates almost all the central region of F2. Around 17:50 UT clear brightenings can be seen at western positions in NF2. These brightenings are probably associated with the hot, erupted plasma reaching the ends of the field lines of the filament channel and heating the chromosphere. At 18:00 UT a mix of bright and dark features moving in opposite directions are observed in 171Å. This indicates that part of the filament plasma has been drained but also that part remains in the filament structure. The remaining plasma has reached the maximum displacement and now moves in a northwestern direction, back towards and overshooting its initial location. After 18:15 UT there is no more brightening in the filament as seen in EUV images, indicating that most of the plasma has cooled down. The prominence continues oscillating until approximately 03:00 UT of January 27th.
The observations suggest that the oscillating plasma in MF2 may be the original plasma pushed by the hot flows coming from F1 and by cool plasma coming from F1 and deposited in MF2. The oscillatory motion is very clear. However, the prominence does not oscillate as a solid body. Initially the motion has some coherence in the filament, but rapidly the motion becomes more complex with counter oscillations in several layers of the prominence.
The merging of filaments has been reported in previous observations Filippov 2015) . Some of the studies also performed MHD simulations of the merging filaments (Aulanier et al. 2006; Török et al. 2011) . In this work, we study the LALOs induced by this merging process, something not reported before.
ANALYSIS OF THE OSCILLATIONS
In this section we study the LAO by the time-distance technique using the Hα data from GONG and the 171Å data from SDO/AIA. In both passbands the filament is seen in absorption, appearing as dark structures against a brighter background. The optical depth of the Lyman continuum near 171Å and Hα are thought to be roughly similar, based on both theory (Anzer & Heinzel 2005) and observations (Schmieder et al. 2004; Heinzel et al. 2008) . However, there are important differences in the appearance of the filaments in the two data sets. The Hα data show the over-all oscillation very clearly because the cool filament plasma appears isolated against the bright disk. In the 171Å band images the background is dimmer and more complex, so the filament is not as clear. However, the AIA/SDO instrument offers a better resolution and temporal cadence. In addition, the 171Å band shows prominence emission thought to be part of the prominence-corona transition region (PCTR) at temperatures > 4×10 5 K (Parenti et al. 2012) . Like the cool prominence itself, the PCTR is highly filamented, and thus the 171Å band, with its combination of prominence absorption and emission can highlight fine structure not as obvious in Hα or in AIA bands dominated by higher temperature emission, like 193 or 211Å. Figure 2 shows the remaining parts of filament F2 in Hα after the eruption of F1. Over-plotted on the image is the contour of the artificial "slit" used to extract the intensity as a function of time along the full temporal range considered. The slit is curved with a width of 6 pixels and length of 402 pixels. The slit is determined by tracing the motion of the MF2 part of the prominence with the clearest and largest amplitude. The oscillation amplitude is so large that the prominence plasma follows curved trajectories that cannot be followed using straight slits as in our previous work (Luna et al. 2014 ). The resulting time-distance diagram is shown in Figure 3 (a). The vertical axis represents the coordinate s, the position along the slit in Mm. The origin of this coordinate is the equilibrium position of the oscillation and the positive direction is along the initial motion of the oscillation, i.e., south-east-ward.
Hα data analysis
In the time-distance diagram the grey area is the Hα intensity coming from the chromosphere. The white regions are the Hα emission from the flaring regions and hot plasma. The dark band corresponds to the position of the cool prominence plasma over the slit. In the positions where the slit crosses the filament the intensity decreases because the prominence absorbs most of the radiation from the chromosphere. In Figure 3( In order to study the oscillatory motion of the filament we track the position of the dark band of the timedistance diagram ( Fig. 3(a) ). We fit the intensity along the slit I(s, t) with a function of the form
for each time t. The central position of the dark band is s 0 (t) (red dots) and its width is σ(t) (white dashed lines). We use the resulting s 0 (t) to fit a exponentially decaying sinusoid as
where,
A is the amplitude of the oscillation, t 0 the initial time of the oscillation, τ the damping time, ϕ 0 the angular phase at t 0 of the oscillation, and A 0 + d (t − t 0 ) is the central position as a function of time. The drift velocity, d, accounts for slow displacements not associated with oscillations. In this event the drift velocity is small and the central position is approximately A 0 . We assume that the angular frequency, ω(t), depends linearly with time (Eq. (3)). P 0 is the initial period at t = t 0 , and α is the rate of angular frequency variation. The resulting best fit function is plotted in Figure 3 (a) as a solid white curve. We find a very good agreement of the fitted function and s 0 (t) dots. We assume that all of the uncertainties in the oscillation parameters come from the uncertainty of the determination of the position of the filament. This uncertainty is the width of the Gaussian fit of the Hα intensity across the slit, σ(t). In Figure  3 (a) we have plotted the two curves s 0 (t) ± σ(t) that contain the dark band in Hα. In the same panel we have also plotted the extrapolated function as a blue dashed line between the flare time at 17:25 UT and t 0 . In this time range it is not possible to track the motion because there is no clear dark band to follow. However, the extrapolated line corresponds well to the brightening of the ejected plasma from the northern part of F2. In Figure 3 (b) the measured velocity is plotted as diamonds. This velocity is computed by the numerical derivative of s 0 with time. In general the resulting curve is relatively smooth. However, the measured velocity has several artificial spikes due to jumps in the s 0 (t) value. These irregularities occur because the points determining s 0 are obtained by manually selecting points on the time-distance diagram and abrupt changes in the first derivative are expected. The spikes are associated with jumps in s 0 (t) at approximately 18:15, 19:30, and 20:30 UT. In this plot we clearly see the large amplitude oscillation with velocities larger than 20 km s −1 from the initiation of the oscillation until 21:30 UT. The plot shows very good agreement between the velocity resulting from the fit (Eq. (2)) and the measured velocity.
In Table 1 we show the best fit parameters for Equations (2) and (3). The initial period is P 0 = 69 ± 2 minutes with an angular frequency change rate of α = 4 ± 1 × 10 −5 rad min −2 . This produces a decrease of the period of the oscillation from 69 minutes at 18:00 UT to 60 minutes at 00:00 UT, corresponding to approximately 1.5 minutes per hour. The Morlet wavelet (Torrence & Compo 1998) of the position of the filament s 0 (t) is plotted in Figure 4 . From the wavelet we see clearly the decrease of the period with time. In the same figure we have also plotted the period obtained with Equation (3) and values from Table 1 . The dashed line from the fit follows the period decrease of the wavelet power very well. We have also computed the periodogram (Lomb 1976 ) using the algorithm by Carbonell & Ballester (1991) . The method is equivalent to a Fast-Fourier transform analysis. We obtain a value of 65 ± 2 minutes, an intermediate value between the maximum and minimum period P (t). The periods obtained are larger than the 55 minutes obtained by Zheng et al. (2017) . The change in the period could be due to changes in the local prominence field geometry as suggested by Bi et al. (2014) or an increase of the coronal temperature, as suggested by Ballester et al. (2016) .
52 ± 3 Velocity Amplitude ( km s −1 ) 68 ± 3 Max. Vel. extrapolated ( km s −1 ) 100 ± 3 We find a velocity amplitude of 68 ± 3 km s −1 that is larger than the value obtained by Zheng et al. (2017) . This is because our method follows the motion of the cool plasma along curved paths in contrast with the straight Figure 4 . Wavelet signal of s 0 (t) from Hα time-distance. The color code indicates the strength of the wavelet function. The colors from red, orange, yellow, green, blue to dark blue indicate the strength of the wavelet, red being the largest value and dark blue the smallest value. We are not interested in the absolute value of the wavelet and the color scale has been selected for high contrast. The solid thick contour indicates the region where the wavelet function has a value larger than the 95% of the maximum value. The region encircles the red and yellow region. The shadowed areas are the regions where the wavelet analysis is not valid. The dashed line is the period, P (t) obtained by fitting the oscillation. The horizontal dotted line is the period obtained with the periodogram as discussed in the text.
slits used in the previous study. The maximum velocity of the extrapolated function is 100 ± 3 km s −1 . This velocity is associated with the motion of the flows ejected from F1. This value is clearly below the 165 km s −1 obtained by Zheng et al.
The damping time is τ = 85 ± 7 minutes, similar to the period and thus indicating a strong damping of the motion. The strength of the damping is measured by the ratio τ /P = 1.2 ± 0.1 where we have used the maximum period P 0 = 69±2 minutes. This value indicates that the oscillation reduces a factor e in almost one period. Several damping mechanisms have been proposed to explain such strong damping (see, e.g., Zhang et al. 2013; Ruderman & Luna 2016 ).
171Å data analysis
The 171Å data offer more details of the motion than the Hα data due the combination of better resolution, better time cadence and emission from the PCTR (see Sec 3). In order to understand the motion of the warm plasma emitting in 171Å with respect to the cool plasma in Hα data we first generate the time-distance diagram in 171Å using the same slit used for the Hα analysis (Fig. 2) . At the triggering phase of the oscillation the interaction of the hot flows from F1 with NF2 is seen as a bright spot at 17:25 UT. After the interaction we can see the hot plasma in emission flowing along the slit. A more complete analysis of the triggering phase is given below. After the triggering phase, t > 18:00 UT, several thin dark bands appear inside the oscillating structure (see Fig. 5(a) ). Each dark band is probably associated with an individual thread or small bundle of threads. In addition, at the top and the bottom of each dark band faint emission can be seen associated with the PCTR between the cool thread and the hot corona. Each dark band (i.e., prominence thread) shows an identical pattern of absorption and PCTR. Using this pattern of absorption and faint emission, we can see several threads oscillating around the equilibrium position at s ∼ 0 with different phases and amplitudes. The threads are aligned in more or less the same vertical direction. The combination of the complexity of the motion with the absorptionemission pattern makes it impossible to track the motion of an individual thread. From the figure we see that only half a period can be followed in the diagram.
In Figure 5 (b) we can see the correspondence between the Hα and 171Å data sets. The Hα dark-band does not correspond with any of the thinner individual threads observed in 171Å, but instead envelops all the 171Å threads. This indicates that the Hα dark-band is the average motion of several threads oscillating out of phase. Before 20:00 UT the dark-bands are more or less parallel in the diagram, indicating that thread velocities are similar. However, the periods are different because they reach the maximum elongation at different times (at ∼ 19:30 UT). After 20:00 UT the phase differences are more evident. In fact, around 22:00 UT threads oscillating with opposite velocities are seen and there is less correspondence between the two filters. Although the oscillation envelope apparent in the Hα time-distance diagram is visible in 171Å, it are not as apparent, perhaps because of spatially varying foreground emission. The combination in 171Å of emission and absorption shows a more complex, multi-threaded structure than the Hα. This indicates that even though the plasma seen at the different wavelengths is moving similarly, different structures are emphasized. The lower spatial resolution of the Hα data also contributes to the discrepancies because the lower resolution reduces visibility of fine structures.
From this figure we see that in the Hα time-distance diagram the dark band represents in some sense the bulk or averaged oscillation of the threads with different periods. Luna et al. (2016b) predicted such phase differences in different layers of the prominence. As we see in Figure  5 (a) the different threads reach their maximum elongation at different times, broadening the position of the maximum. This is very clear between the maximum at 18:20 UT and the one at approximately 19:30 UT. In the first the maximum is very clear because the threads reach the maximum at more or less the same time. However, due to phase differences the threads reach the second maximum at different times. This effect could reduce the period measured from the Hα time-distance diagram.
Now we extend our analysis of the 171Å data to several slits placed at different positions in the filament. As discussed above, from 171Å images we can perceive more details of the motion of the prominence than from Hα data. As in the Hα analysis, we track the motion of clear features to define the artificial slits. We have defined 3 slits over the main body of the filament. In Figure 6 we have plotted one frame of the AIA 171Å and the 3 artificial slits used, labeled as S1 to S3. They have been defined by tracking by eye the motion of distinguishable features in curved paths. The width of each slit is 4 pixels. Our analysis is focused on the central part of the filament channel shown in Figure 6 . The tempo- ral sequence analyzed starts at 17:00 UT January 26 and ends at 05:00 UT January 27.
In Figure 7 we have plotted the time-distance diagram of the triggering stage in S1. In this figure we can see the events described in Section 2. Hot flows coming from the flaring region and F1 are seen as bright features before 17:20 UT and s > 120 Mm (see also red arrow in Fig.  1(b) ). These flows interact with NF2, producing a bright spot in the diagram between 17:20 and 17:30 UT and between -120 and -80 along the slit. Dark structures can also be seen emanating from NF2. This indicates that the flows from northern positions heat up and push the cool plasma of NF2. After 17:30 UT a mix of bright and dark features can be identified. This flow reaches the central segment of F2, pushing the cool plasma located at approximately s ∼ 10 Mm (in correspondence with Fig.  1(c) ). This initial cool plasma is very faint in Figure 7 . It is more clear in Figure 3(a) . There is not a clear increase of the brightening at this point, indicating that the flows from northern positions only push the cool plasma of MF2 and do not heat it. The intensity of the bright structures decreases with time and distance relative to the bright spot indicating that the hot flows are cooling down. After 18:00 UT most of the plasma has cooled down and we can see the plasma in absorption in 171Å and in Hα (Fig. 3(a) ). Also, at 18:00 UT the plasma reaches a maximum elongation and after this time the plasma moves backwards, establishing the oscillation. Figure 8 shows the time-distance diagram for S1. As we have discussed, hot flows reach the filament and trigger its oscillations. The oscillatory pattern is very clear in the time-distance diagram of S1. The oscillation starts at 17:25 UT and ends around 02:00 UT, lasting for more than 8 hours. In the time-distance diagrams of S2 and S3 the oscillatory motion is also clear in a similar temporal range. However, the motion is more complex with many threads oscillating with different periods and phases. The time-distance diagrams for S2 and S3 are not shown because they do not give additional information. However, the results of the fits are given in Table  2 .
For the Hα data we have used the minimum of the intensity to track the motion of the prominence and study the oscillatory parameters. Due to the complexity of the motion of this event it is impossible to follow the motion of only one thread in 171Å. In the first stage of the oscillation, lots of bright threads are observed with few thin dark bands that appear and disappear (see Fig. 7 ). After the triggering phase clear dark threads are seen. In the time-distance diagram several threads cross each other and it is not possible to identify the motion of just one thread and follow the motion of one continuous dark- band as in the case of the Hα data.
This difficulty forces us to change the method of tracing the oscillation. Although the details are complex, a global oscillation can still be distinguished in the timedistance diagrams of Figure 8 and the diagrams corresponding to S2 and S3. It consists of a bundle of bright and dark threads at the beginning of the motion or a bundle of dark threads with emission in the PCTR later on. To trace this we first define a curve that defines the central position of the bundle of threads by selecting points along the time-distance diagrams. The uncertainty is defined as the total width of the bundle of light and dark oscillating threads. We then fit these values using Equation (2) to obtain a curve defining the central position of the oscillation.
In Figure 8 (b) we have plotted the selected s 0 positions as a red line. The uncertainty limits, σ, are plotted as white dashed lines. Finally, the best fit oscillation curve is plotted as a solid white line. In the fit of oscillations we have assumed that the period of the oscillation is constant with α = 0 (see Equation (3)). This is because there is not a clear constant variation of the period with time. The fitted values (red curve) do not cover the entire temporal domain of each slit. In S1 we have fitted s 0 up to approximately 23:00 UT. The oscillation is clear up to the end of the temporal domain, but the fitting fails when including points beyond 23:00 UT. For the other time-distance diagrams the oscillation is only clear in a part of the temporal domain. For these cases we have fitted the s 0 when the oscillation is clear. The fitted function represents the global motion of the prominence very well. In Table 2 the best fit parameters and corresponding errors are summarized. The periods
A (Mm) V ( km s −1 ) Slit 1 60.5 ± 0.2 170 ± 11 58 ± 3 100 ± 7 Slit 2 64.3 ± 0.4 209 ± 22 60 ± 4 95 ± 5 Slit 3 68.5 ± 0.4 254 ± 34 26 ± 2 40 ± 5 have values around one hour. The damping time in S1 is 170 minutes indicating a damping time per period ratio of τ /P = 2.8 ± 0.1. This value is over twice that derived from the Hα data. For S2 and S3 the damping time is even larger, with τ /P =3.2 ± 0.1, and 3.7 ± 0.2 respectively. The amplitude of the oscillation in S1 and S2 is around 60 Mm. The total displacement is 116 Mm, a non-negligible portion of a solar radius. In S1 the velocity amplitude is 100 ± 7 km s −1 . This the largest value reported thus far for a LAO, being slightly larger than the previous highest value of 92 km s −1 , reported by Jing et al. (2003) . For S2 the velocity amplitude is also considerable with 95 ± 5 km s −1 . In contrast, for S3 both the amplitudes of the displacement and velocity are considerably smaller.
We compute the velocity using s 0 (t) data from the S1 time-distance diagram and calculating the numerical temporal derivative as in the Hα data analysis. In Figure   9 the resulting velocity has been plotted as diamonds. As with the analysis of the Hα data, in the plot there are 5 spikes associated with irregularities in the s 0 (t) data and that do not reflect real velocities, as is discussed in Section 3.1. These spikes in the velocity are at approximately 18:50, 17:20, 20:00, 20:33, and 21:00 UT. In this plot we can see the large velocities involved in this event. The velocity measured from the time-distance of the oscillation remains larger than 20 km s −1 for 6 hours after the triggering up to 00:00 UT. In the figure we also show the velocity resulting from the fit (Eq. (2)) with a red solid line. The velocity derived from the oscillation fit matches the measured velocity very well. Using the s 0 (t) positions from the S1 we can analyze the evolution with time of the period of the oscillation using the wavelet analysis as we have done for the Hα data. We have focused on the S1 time-distance diagram because the oscillation is very clear for a large number of periods after the triggering. Figure 10 shows the wavelet power as a function of time. We clearly see that at the beginning of the oscillation the wavelet power has a maximum signal centered at approximately 70 minutes (red). However, after 18:30 UT there is a second period close to 50 minutes that remains more or less constant up to the end of the temporal series. Thus, the oscillation period is long only at the beginning of the event but rapidly declines later. This behavior contrasts with the Hα data where the period decreases monotonically with time along the full temporal sequence.
In order to parameterize this behavior we have fitted a function of the form Equation (2) with α = 0 for an initial phase of the event (17:30 UT to about 19:30 UT) and in a later phase (21:45 to 00:40 UT). Figure 11 shows the two fitted functions in the two phases of the oscillation, and Table 3 summarizes the results of the fits. The period of the first phase is 69 ± 2 minutes, in agreement with the initial period found for Hα oscillation. In the second phase the period is considerably smaller, 54 ± 1 minutes. The two periods are over-plotted in Figure 10 as horizontal dotted lines. The result of the analysis of the two phases agrees with the wavelet analysis. The first phase period is more or less the averaged period of the wavelet signal in the time range of the initial phase. The last phase period coincides also with the average value of the wavelet signal in the temporal domain of the final phase of the oscillation. Thus, this oscillation is characterized by an initial stage with a long period and a posterior oscillation with a smaller period. This behavior can be associated with the flare and eruption that triggers the oscillation. The flare and eruption produce hot flows of plasma with high pressure on the side of F1. This pressure imbalance between both sides of the prominence pushes the cool threads from the equilibrium position. The high pressure associated with the flaring region is not impulsive in the sense that the duration is comparable to the period of the oscillation. This means that in the first phase of the oscillation there is no free oscillation of the system. The high pressure gradients act in the opposite direction of the gravity projected along the field producing an increase of the period in the first half of the oscillation cycle. A second explanation is that the magnetic field evolves during the first stage of the oscillation. After the eruption and flare the magnetic field may still be relaxing to a more stable configuration. An alternative explanation for the change of field geometry is that part of the heavy prominence mass from F1 and NF2 is transferred to MF2. Due the increase of the prominence mass in MF2, the depth of the dips that support the prominence mass may also increase. In both cases the change of the field geometry would be reflected in the oscillations.
The damping times, τ , at both phases of the oscillation are consistent within uncertainties. These values are also in agreement with the values in Table 2 . The amplitudes and velocity amplitudes are also consistent with the previous fits and with the fact that the motion is damped and the amplitude of the motion reduced.
The damping times obtained in the analysis of the Figure 11 . Time-distance diagram of S1 and the best fit functions of the initial and final phases of the oscillations (white solid curves).
Initial phase 69 ± 2 200 ± 60 62 ± 5 88 ± 9 Final phase 54 ± 1 151 ± 30 14 ± 2 25 ± 4 Table 3 Best fit parameters resulting from the fits in the two stages of the oscillation using 171Å data.
EUV S1 time-distance diagram are roughly twice the values obtained in the analysis of Hα. This indicates that the oscillation analyzed in Hα shows stronger damping than the same events analyzed in 171Å. The reason for this discrepancy could be that in Hα time-distance diagrams we are observing bulk or averaged motion of several threads moving with different phases. The loss in coherence of the threads produces an apparent increase in damping measured from the Hα data.
MAGNETIC FIELD MODELING
To understand the magnetic structure supporting the erupting filament, we construct magnetic field models using the flux-rope insertion method developed by van Ballegooijen (van Ballegooijen 2004) . We briefly introduce the method below; for detailed descriptions refer to Bobra et al. (2008) and Su et al. (2009 Su et al. ( , 2011 .
At first, a potential field model (HIRES) is computed from the high-resolution and global magnetic maps observed with SDO/HMI. The lower boundary condition for the HIRES region is derived from the photospheric line-of-sight magnetograms obtained at 16:01 UT on 2016 January 26. This time is slightly before the events we analyze, at the time when the region was at the center of the disk. We do not expect the magnetic field to have changed greatly over the next half day, and, in fact, similar filament analyses have used magnetograms from a week before or after to model magnetic structures at the limb (Su & van Ballegooijen 2012; Jibben et al. 2016; Su et al. 2015) . The longitude-latitude map of the radial component of the magnetic field in the HIRES region is presented in Figure 12 . The HIRES computational domain extends about 88
• in longitude, 48
• in latitude, and up to 2.1 R from the Sun center. The models use variable grid spacing to achieve high spatial resolution in the lower corona (i.e., 0.002R ) while covering a large coronal volume in and around the target region. Two paths, marked with blue curves, are selected according to the locations of the observed filaments. Path 1 represents the filament in the active region (F1), and the filament outside the active region (F2) is represented by Path 2. Next we modify the potential field to create cavities in the region above the selected paths, and then insert two thin flux bundles (representing the axial flux Φ axi of the flux rope) into the cavities. Circular loops are added around the flux bundle to represent the poloidal flux F pol of the flux rope. The resulting magnetic fields are not in forcefree equilibrium. We then use the magneto-frictional relaxation to drive the field towards a force-free state (van Ballegooijen et al. 2000; Yang et al. 1986 ).
We construct a series of magnetic field models by varying the axial and poloidal fluxes of the inserted flux ropes. One of the best-fit models is presented in Figure 13 . The dips of the models give the positions where the cool plasma reside. We have selected the best-fit model by matching the positions of the dips to the observed Hα filaments (see Figs. 13(a) and (c) ) and the EUV emission surrounding the filament channels as well (Figs. 13(b) and (d) 
CHARACTERISTICS OF THE PROMINENCE DEDUCED FROM SEISMOLOGY
In the Hα analysis of the oscillation we have found a period decreasing from 69 ± 2 to 60 ± 2 minutes. In contrast, the analysis of the 171Å data shows a quite uniform periodicity of around one hour. However, our in depth study of the oscillation in S1 has revealed that the period after the initial stage is 54 minutes. Thus, we find that that the periodicities in the system we analyze range from 54 ± 1 to 69 ± 2 minutes. According to the model of Luna et al. (2016a) , the period of the longitudinal fundamental mode is determined by the relation
where ω is the angular frequency of the oscillation, P its period, g the solar gravity, R the radius of curvature of the dipped field lines where the cool prominence resides, L is the length of such field lines, l is the length of the cool prominence thread, and κ is the temperature contrast between the corona and the prominence (typically larger than 100). In Equation (4) there are two contributions to the oscillation associated with two restoring forces. The first term is associated with the gravity projected along the magnetic field lines. The second term is associated with the pressure gradients producing the slow mode oscillation. For typical prominence parameters the slow mode contribution is small (see, Zhang et al. 2013) . Thus, for prominences the longitudinal oscillation period is determined by the curvature of the field lines as
indicating that the gravity projected along the field lines is the main restoring force. With this expression we can determine partially the geometry of the field lines, inferring the radii of curvature of the dips of the field lines R from the period of the oscillation. Using the periods obtained in the time-distance analysis, P = 54 − 69 minutes and Equation (5) we obtain a range of possible radii of curvature of R = 73 ± 3 Mm and R = 119 ± 7 Mm for the short and long periods respectively. In Section 3.2 we speculated that the two phases of the temporal evolution of the oscillation are associated with change in the geometry of the field lines. In the first phase we have found a period of 69 minutes and in a second phase of 54 minutes. This could be related to a temporal evolution of the radius of curvature of the dips from 119 Mm to 73 Mm according to Equation (5). In a prominence the magnetic structure must support the dense threads of plasma making up the prominence. The forces associated with the magnetic structure are the magnetic tension in the dipped part of the field lines and the magnetic pressure gradients. Both magnetic forces are almost in equilibrium with slight excess of the magnetic tension over magnetic pressure force that can provide support against gravity (Priest 2014) . Thus, the magnetic tension in the dipped part of the tubes must be larger than the weight of the threads or equivalently
where B is the magnetic field strength at the bottom of the dip, n is the electron number density in the thread, the mean particle mass m = 1.27 m and m p is the proton mass. Combining Equations (5) and (6) we obtain
where B is measured in Gauss, n in cm −3 and P in minutes. The electron density in this filament has not been measured, so we assume typical values in the range 10 10 −10 11 cm −3 (see, e.g., Labrosse et al. 2010 ). We consider the range of typical values for electron density as the uncertainty of n. Considering the uncertainties of n and the range of periods obtained in the analysis of the timedistance diagrams and their uncertainties, we obtain a minimum magnetic field strength range of B ≥ 7 − 30G. The values obtained are consistent with typical directly measured field strengths (see, e.g., Mackay et al. 2010) .
We compare the results of the large-amplitude seismology with the results of the reconstructed magnetic field model from Section 5. We compute the positions of the bottoms of the dips in approximately 2000 field lines selected in a region close to F2. Once we have the positions of the dips we compute the radius of curvature of the field lines and the osculating circle (Struik 1961) in these positions. The osculating circle is a circle with radius R that fits the dipped part of the field lines. In Figure 14 (a) a segment of the osculating circle is plotted for each dip. The segments shown in the figure correspond to 200 arcsecs centered at the bottom position of the dips. For dips with a small radius of curvature the plot shows the full circle whereas for large radii only a segment of the osculating circle is plotted. The colors represent the radius of curvature, R, of the osculating circles. The result obtained from seismology is that the radius of curvature is in the range between 73 and 119 Mm. This range of values corresponds to the red tones (see the color bar in the figure). There is a large bundle of osculating circles in red tones over the location of the oscillating filament segment, MF2. We find good agreement between the results of the geometry inferred from the seismology and the results of the field reconstruction. There is also a bundle of osculating circles in red tones in SF2 indicating a similar geometry with the field of MF2.
In general, the osculating circles are not vertical, forming an angle with respect to the vertical. Also in general the dipped part of the field lines is not a circular shape. In contrast, the geometry of the field is more complex, with curvatures depending on the position along the tube. Hence, depending on the amplitude of the displacement of the LALOs the relation between the period of the oscillation and the geometry can be more complex than the expression in Equation (5). In addition, in expression (5) it is assumed that the osculation circle is vertical, i.e., the dip is contained in a vertical plane. However, in realistic field-lines the inclination of the osculating circle produces a reduction of the projection of the gravity along the field lines or, equivalently, an increase of the ef- fective radius of curvature. In a future theoretical study we will consider LALOs in non-uniform curvatures and inclined dips.
In Figure 14 (b) we have plotted as dark curves a selection of field lines inferred from the field reconstruction. We have also plotted the artificial slits used to track the motion in 171Å data. We see that both the field lines and the artificial slits are more or less aligned. There are some differences probably due to imperfect alignment of the slits with the threads and differences between the model and the actual magnetic field. Nevertheless, the alignment is quite good and consistent with the idea that the oscillation is aligned with the filament channel magnetic field.
The reconstructed magnetic field model also provides the intensity of the magnetic field. In Figure 15 we have plotted a 3D view of the field over the region of interest centered at F2. We also plot the magnetic field intensity in a vertical plane oriented in the north-south direction over the central position of F2. The color code indicates that in the region of the dipped parts of the field lines the magnetic field intensity is between 8 and 20 G. The values obtained are consistent with the lower limit obtained from seismology ≥ 7 to 30 G. Note the range of values from seismology is very broad because of large uncertainty in plasma density in Equation (7), and for some density values the lower limit could be larger than the values obtained from the field reconstruction.
DISCUSSION AND CONCLUSIONS
In this work we analyze an energetic large-amplitude longitudinal oscillation measured after the merging of two filaments on 2016 January 26. The initial configuration consists of two filaments, F1 and F2. F1 erupts and part of its plasma is merged with F2, triggering the os-cillations in the central portion of F2. We have analyzed the oscillations with the time-distance technique using the GONG Hα and SDO/AIA 171Å data. The timedistance analysis of the Hα data reveals that the period of the oscillation changes with time from 69 ± 2 to 60 ± 2 minutes along the temporal sequence with a damping time of 85 ± 7 minutes. We have also constructed a timedistance diagram using the same slit but in the 171Å data. In 171Å it appears that the cool material consists of many threads visible as dark absorbing material surrounded by the hotter PCTR layer. These threads oscillate with apparently different phases and amplitudes. We have determined that the Hα motion is the bulk or average motion of the fine-structure of the prominence. We have studied the oscillations in the 171Å filter further by placing 3 curved slits defined manually to follow the flows. The time-distance diagrams reveal a relatively uniform period between 60 ± 0.2 to 68 ± 0.4 minutes, depending on location. This suggests a quite uniform prominence structure. In one of the slits the velocity amplitude of the oscillations is 100 ± 7 km s −1 , the largest ever reported. The detailed analysis of the oscillation in Slit 1 reveals that the oscillation shows two phases. In the first phase the period of the oscillation is around 69 minutes. In the second phase the period is reduced to 54 minutes, a value close to the value determined by ). The measured damping in Hα is almost double that obtained from 171Å data. The apparently stronger damping in Hα might be due to a lower spatial resolution combined with the averaged motion of several threads moving out of phase.
Combining the results of the observations with the models of and we derive the characteristics of the field lines supporting the oscillating material, specifically the radius of curvature of the dips holding the prominence plasma (73 to 119 Mm), and then, using common electron number density values for prominences, the magnetic field strength (≥ 7 to 30 G).
In order to make a comparison with these values, we constructed the magnetic field background using the fluxrope insertion method. The resulting magnetic field is a flux rope with a small poloidal field and a strong axial field, indicating that prominence field is strongly sheared. The characteristics of the flux rope derived by the MHD reconstruction are consistent with the seismology results: the radii of curvature of the model dips are in the range of 70 Mm to 130 Mm and the magnetic field strength is 8 to 20 G. This is the first time these two approaches have been compared. In the future it would also be interesting to compare results like ours to still other sources of information concerning the magnetic field including constraints derived from spectro-polarimetric or radio observations.
This work shows that prominence seismology is a powerful tool to determine the filament structure. In future works models for large-amplitude oscillations will be improved by doing three-dimensional numerical experiments. In addition, it is necessary to understand the influence on the oscillation of non-uniform curvature and inclined dips. More studies of the triggering processes leading to LALOs are also important, both to better understand the oscillations and to shed light on processes associated with the triggers, including reconnection and related solar activity.
